The stability of VAPO has been studied in detail. VAPO-5 was extensively re-used as catalyst for the epoxidation of 3-phenyl-2-propen-1-ol and the oxidation of 3-octanol by tert-butylhydroperoxide (TBHP). It appears that during the reaction the structure of VAPO stays largely intact, however the micropores become obstructed by organic compounds. Calcination is necessary to restore the activity completely. Removal of the VAPO from the reaction mixture after a short reaction time showed an ongoing reaction in the filtrate. In the solution a small amount of vanadium could be detected (between 0.9-12.5% loss of vanadium, depending on the VAPO and reaction conditions). The leaching process stops soon after the start of the reaction, which can be explained by protection due to strong absorption of organic molecules. Soxhlet extraction of VAPO with water did not give a stable system. Controll experiments with tiny amounts of homogeneous catalyst (VO(acac)2) show that the activity can be largely explained by these small amounts of vanadium in solution. For this reason it is concluded that VAPOs (and more generally MeAPOs) are not suitable as catalysts for liquid phase oxidation reactions.
I. Introduction
A major problem of oxidation catalysis in the liquid phase is the deactivation of the catalyst under reaction conditions. The most common deactivation mechan-isms of homogeneous catalysts are: degradation of the (organic) ligands, ollgomerisation, formation of dead-end species and inhibition by strong binding of reactants and products to the active sites [1 ] .
Metal containing molecular sieves are unique catalysts because they possess a metal ion embedded in an inorganic, uniform microporous structure. Some of the deactivation mechanisms mentioned above are prohibited: the framework is not oxidisable and the formation of oligomers is not possible because the metal ions are located at fixed positions. These properties make them interesting candidates to be used as heterogeneous catalyst for oxidation reactions in the liquid phase. However, other deactivation mechanisms come into play: the molecular sieve catalyst might deactivate because of extraction of the active metal and blocking of the microporous structure.
An essential part of the concept "reaction in micropores" is the utilisation of the active sites inside the micropores. This is certainly not a trivial question because of the complexness of the processes involved during a reaction: interplay of the solvent, supply of reactants and the removal of the products. Molecular sieve catalysts are only useful catalysts for oxidation reactions in the liquid phase when they give an improved selectivity to a certain product or a higher activity compared with common homogeneous catalysts.
Titanium silicalite (TS-1) indeed shows improved catalytic behavior [2] . Moreover, for TS-! it seems well proven that the reaction takes place inside the microporous system. The most important arguments are:
• Reactive substrates with a kinetic diameter larger than the pore size of TS-1, like cyclohexene, cannot be oxidised [2] . Reactions with small molecules, like octene proceed smoothly [3] .
• No reaction with TBHP has been observed, although TBHP is able to enter the pores of TS-1. This is explained in terms of sterical hindrance induced by the pore system during the course of the reaction. However, Ti-/3 catalyses the reaction with TBHP [4] . • The turnover frequency would be unreasonably high if the catalytic reaction only takes place on the outer surface of TS-1. It is well proven that the titanium is distributed homogeneously through the crystallite. Calculation reveals that a cubic crystallite with dimensions 0.1 x 0.10.1 gm has an outer to inner surface ratio of 1%. This ratio decreases upon using larger crystallites. Consequently, if only titanium on the outer surface catalysed the reaction the real TOFs would be more than 100 times higher. The calculated TOF for the hydroxylation of phenol, assuming all titanium takes part in the reaction is rather high (>100mol substrate/ mol titanium-h) [5] .
• In addition to this, the oxidation rate of phenol and octanol depends on the crystallite size, which suggest the occurrence of intra-crystalline mass transfer limitations [5] .
• Although, to the best of our knowledge, no stability data of TS-1 have been published, the contribution of dissolved titanium to the activity is expected to be minor. Fast deactivation of the dissolved titanium by strong complexation of the polar solvent and hydrogen peroxide is expected [6] .
It is questionable if similar arguments hold for other systems like for example metal containing alumino-phosphates (MeAPOs, Me : V, Cr, Co etc.) for reasons of deactivation. For CoAPO it is proven that the molecular sieve dissolves during the oxidation of 4-methyl-hydroxy-benzene in strong alkaline medium [7] . The cobalt in solution is responsible for the observed activity. In cyclohexane, a strong apolar solvent, an extremely low concentration of cobalt could be detected in solution but the activity of CoAPO could not be attributed to this dissolved cobalt [8] . The concept "reactions in micropores" might not be applicable in case of VAPO-5 because the actual reaction takes place in solution. A low activity compared with a similar amount of homogeneous catalyst and minor influence of the pore structure on activity and selectivity [9] are arguments in favor of this hypothesis, but also the intrinsic activity of vanadium sites in the pores may be low. In this article it will be shown that stability tests might give useful information whether or not the concept is valid in case of VAPO. The epoxidation of 3-phenyl-2-propen-l-ol and the oxidation of 3-octanol by TBHP were used as probe reactions.
Experimental:
Details about the preparation and characteristics of the VAPO-5s can be found elsewhere [9] .
Long term regeneration of VAPO-5 used for the epoxidation of 3-phenyl-2-
propen-l-ol.
Solutions of substrate and oxidants were described earlier by the authors in a previous article [9] . For the first cycle 70 ml of 3-phenyl-2-propen-1-ol (0.45 M) and 35 ml of TBHP-solution (0.9 M) were combined and heated to 50°C. Well dried VAPO-5 (S-P3) (12.5 g) was added and allowed to react for 24 h. Then the VAPO-5 was filtered off at 50°C and washed with acetonitrile. The VAPO-5 was dried overnight at 80°C and used again in a new cycle or calcined in air at 500°C for 3 h using a standard temperature program [9] . After the first, second, fourth, seventh, tenth and fourteenth cycle a calcined sample of about 0.8 g was kept apart for analysis by XRD, SEM, PV, DRUVVIS, ESR, AAS and a test reaction with 3-phenyl-2-propen-l-ol under standard conditions ([V] =300 mg/l) [9] . For every large scale reaction the amounts of reactants were adapted to the amount of VAPO-5 remained to keep the ratio [substrate]/[V] and [TBHP]/[V] constant. A similar procedure was carried out to obtain a large amount of a VAPO-5 used for the oxidation of 3-octanol. Alternatively, an used VAPO-5 was Soxhlet extracted with acetonitrile for 5 days and then dried at 80°C before it was used again as catalyst for a new reaction under standard conditions [9] .
Removal of loosely bound vanadium
A freshly calcined VAPO-5 sample was Soxhlet-extracted with various solvents for a period of 5-7 days. The extracted VAPO was dried at 120°C and calcined following a standard procedure.
Instrumental:

TGA
The thermographimetric analysis was carried out using a Shimadzu TGA-50 analyzer. The sample cup was slowly heated in air to burn off the organic residues (temperature program: 20 ~ 700°C; 1 °C min). Afterwards the VAPOs were bright yellow.
GF-AAS
Samples were diluted using a Metrohm 725 Dosimat. The analyzes were carried out using a Perkin Elmer 3030 atomic absorption spectrophotometer equipped with a Model HGA-600 graphite furnace and an AS-60 autosampler. Pyrolytic coated tubes (Perkin Elmer, B0 135653) were used.
Analysis of vanadium
GF-AAS was used because of the low detection limit (0.2 ~tl V/1 [10] ). After injection of the sample (20 ~tl) on the tube wall the sample was heated to 90°C. After drying for 25 sec the sample was heated to 1150°C in 20 sec. This temperature was kept constant for 20 sec. Then the vanadium was instantaneously atomised at the optimum temperature of 2650°C. The vanadium signal was measured for five seconds at A=318.4 nm and a slit of 0.7 nm. Finally, the oven was heated to 2680°C for three seconds to remove all residual products. Except for the period during the measurement an argon flow of 300 ml min was passed through the oven.
The shape of the signal was comparable to those shown in literature [11] . Since the signal tails the peak area rather than peak height was used for the calibration. For calibration a vanadium standard solution 1000 mg V/1 (Merck, Darmstadt, Germany, Titrisol) was used. Different dilutants for the samples were used, 1-propanol (Riedel-de Ha6n, Seelze-Hannover, Germany) and acidified water (0.2% nitric acid (Merck, Darmstadt, Germany, 65%, Suprapur). To avoid problems with a too low solubility of organic compounds in water 1-propanol was chosen as solvent. Straight calibration lines (r 2 >0.999) between 0-150 ~t g V/I could be obtained, the intercept being slightly smaller in case of 1-propanol. The analyzes of the reaction mixtures were reproducible. However, the absolute values were too low as concluded from data obtained for a reference compound bis(2,4-pentandionato)-oxo-vanadium(IV) (Janssen, Geel, Belgium, 99%), which has a theoretical vanadium content of 19.2 wt%. Values in propanol were systematically lower (found: 9.2-4-0.4 wt% V), while analyzes using acidified water as dilutant gave slightly too high values (20.8+0.7 wt%). In propanol the analyzes were negatively influenced by the organic components in the samples. The interference of 3-octanol is stronger than found for 3-phenyl-2-propen-1-ol. It was checked if the formation of non-volatile vanadium carbides [ 11 ] was the cause of the too low absolute values by measuring the vanadium signal during the cleansing of the oven, but no vanadium could be detected. All analyzes presented in this article were carried out using 1-propanol as dilutant. The results presented were corrected for the absolute value.
Analysis of aluminium
All glassware was thoroughly rinsed with 2% nitric acid before use. All analyzes were carried out in 1-propanol. The sample (20 pl) was directly injected on the tube wall and after drying, heated to 1300°C for 20 sec. Then the oven was heated instantaneously to 2400°C, which appeared to be the optimal atomisation temperature. The signal was measured for two seconds at A=309.3 nm and a slit of 0.7 nm. Afterwards the oven was heated for three seconds at 2700°C. Before and after the measurement the oven was cleansed with argon (300 ml/min). GF-AAS has a detection limit of 0.01 pg AI/1 [10] . The peak height was used for quantitative measurement. For all analyzes 1-propanol was used as dilutant. The calibration curves, for which an aluminium standard solution of 1000 mg A1/1 (Merck) was used, were straight up to 80 pg A1/1. The analysis of aluminium was found not to be interfered by the dilutant or other organic components. The aluminium content for a reference compound, aluminium tri-isopropoxide (Janssen, 98+%), found was 13.0 wt% and 11.8 wt% A1 (theoretical: 12.9-13.2 wt%).
Results and discussion:
Re-use of VAPO-5.
After work-up of the reaction mixture the VAPO-5 was used as catalyst in a fresh reaction mixture. The VAPO was either used directly or calcined before use. An activity test under standard conditions was performed [9] . From Tables 1 and 2 it becomes clear VAPO-5 has to be calcined to restore the original activity, although this effect is much more clear in the case of the oxidation of 3-octanol than in the case of the epoxidation of 3-phenyl-2-propen-1-ol. Without intermediate calcination the VAPO-5 lost about 25% of its activity as catalyst for the epoxidation of 3-phenyl-2-propen-1-ol after using it 4 times. No serious loss of activity could be observed for a VAPO-5 that was calcined. Only after 14 regenerations the activity had decreased by about 60% of the original activity. The VAPO-5 that was applied as catalyst for the oxidation of 3-octanol lost more than 50% of the activity compared with the fresh VAPO-5, but the activity could be restored almost quantitatively by calcination. Note that the VAPO-5 that was only washed showed a higher selectivity on TBHP consumption that the calcined VAPOs.
The results show that calcination between successive uses is beneficial for the activity of the VAPO-5. Calcination has two effects. Firstly, a VAPO-5 recovered from the reaction mixture is in the reduced state as shown by ESR. The spectrum is similar to that observed for a non-calcined sample [ 12] , although the intensity may be lower. This implies that reduction of the vanadium sites (V(V) --~ V(IV)) takes place, probably when all TBHP has been consumed. Calcination restores the initial situation (V(IV) ~ V(V)). Secondly, and probably more important, is the observation that the pores of VAPO-5 during the reaction become totally blocked. Pore volume measurements show that the active sites are not accessible any more. By calcination, the accessibility is restored almost completely as will be shown in the next paragraph. A calcination temperature between 450-600°C proved to be necessary to burn off all included species. This is illustrated by the TGA of a VAPO-5 applied for the oxidation of 3-octanol (Fig. 1) . It was found impossible to open the pores by extensive Soxhlet extraction of the VAPO-5 with for example acetonitrile. After prolonged extraction time the organic material is still firmly bound. The TGA of VAPO applied for the oxidation of 3-phenyl-2-propen-1-oi shows that a considerable amount (more than double the amount expected on base of the pore volume) of organic molecules are firmly bound to the particles, which can not be removed by washing. Note that above a calcination temperature of 600°C the microporous structure collapses. Surprisingly, this dense phase material still shows activity for the oxidation of 3-phenyl-2-propen-l-ol, comparable with the activity of an accessible VAPO. This is another argument that the micropores do not play an important role in the reaction.
The VAPO-5 recovered from the reaction mixture was studied in detail by using several techniques: XRD, SEM, PV, AAS and DRUVVIS. All data refers to calcined samples. X-ray diffraction revealed that the porestructure is not damaged during catalytic operation and repeated calcination (Fig. 2a) . The AFI structure withstands at least 14 regeneration cycles (14 x 24 h reaction). Measurement of the pore volume shows a decrease of pore volume, indicating a decreased accessibility of the vanadium sites (Fig. 2b) . SEM micrographs indicate attrition of the particles. This is due to the mechanical forces acting on the particles during stirring of the reaction mixture (Fig. 2e) . The outer surface of the regenerated VAPO-5 particles seemed to be worn off, while other particles were simply split. Like the pore volume the vanadium content of the samples also showed a downward trend after repeated regenerations (Fig. 2d) . A small mean loss of 0.017 wt% (~ 1.1%) of vanadium per reaction cycle is found. This amount is small, but more alarming is the fact that after several reactions vanadium is still lost during operation. Moreover, it should be noted that the vanadium loss can only be measured accurately after many regenerations. If only a few regenerations are carried out the loss of vanadium can be easily disregarded, which leads to wrong conclusions. The observed vanadium loss after one reaction cycle in case of the oxidation of 3-octanol is much larger, which can be attributed to the more severe reaction conditions. In accordance with the declining vanadium content, DRUV-VIS measurements showed a decrease in absorption intensity too. The results are in accordance with the results found by AAS, although absolutely a loss of 30% is found by DRUVVIS and 18% is found by AAS. The shape of the absorption curves did not change, indicating that the different vanadium species are not extracted selectively.
These results show that a small amount of vanadium is released into solution. However, the alumino-phosphate framework seems largely to stay intact during catalytic operation. Therefore research was initiated to investigate the role of vanadium in solution. In the first experiment the role of vanadium was determined indirectly by removing the VAPO-5 at a certain point from the reaction mixture and continuing the reaction. An ongoing reaction proves the presence of catalytic active species in solution. Fig. 3a and Fig. 3b show the results obtained for 3-phenyl-2-propen-l-ol and 3-octanol, respectively. Clearly, in both cases the reaction carried through after the removal of the catalyst. This shows that there is at least a contribution of an active species in solution to the total observed activity. The epoxidation of 3-phenyl-2-propen-l-ol was also carried out in benzene when S-P4 is present in the reaction mixture for only a short time and during the whole observation period. Similar results where obtained with S-P0, containing only 0.35 wt% vanadium (see Fig. 4 ). This shows that the results are independent of the solvent and the VAPO-5 used. Similar experiments carried out with 3-octanol showed a reaction that continued, albeit at a slower rate. Interestingly, the non-productive TBHP decomposition almost stopped after the removal of the VAPO-5. Consequently, the selectivity of the product 3-octanone based on TBHP consumption raise from 45% to more than 75%. Therefore, the vanadium species responsible for the non-productive decomposition of the peroxide are probably present on the surface or in the micropores of VAPO-5.
While these experiments give a lot of information additional experiments are necessary to prove the statements mentioned above because the results might easily lead to wrong conclusions. Firstly, the point of removal of the catalyst from the reaction mixture should be determined accurately. When the extraction of the metal ion is a relatively slow process, the catalyst might be removed too early resulting in a slower reaction rate and a wrong interpretation of the results. Secondly, the point of removal has to be chosen in such a way that still an appreciable amount of substrate can be converted. Thirdly, small catalyst particles might slip through the filter giving wrong results. Fourthly, the reaction mixture has to be filtered at reaction temperature and not at lower temperature to prevent reabsorption of metal-ions to the catalyst [8] . To circumvent these problems the concentration of the metal ion (in this case vanadium) in solution has to be determined accurately. Because the concentration of vanadium in solution is expected to be low (<10 mg V/I) and the amount of sample low (<1 ml) GF-AAS (Graphite Furnace Atomic Absorption Spectroscopy) was the method of choice [10] , [11] . Moreover, some samples were analyzed for aluminium by GF-AAS to be sure that no VAPO particles passed through the filter.
The results are shown in Fig. 5a and Fig. 5b . Several experiments were conducted with VAPO-5s with a vanadium content ranging from 0.35-2.1 wt%. The total amount of vanadium in the reactor was comparable in all reaction mixtures (3-phenyl-2-propen-l-ol: 300 mg V/I; 3-octanol: 400 mg V/I). The results obtained for 3-phenyl-2-propen-1-ol as well as 3-octanol show similar trends, although the effects for 3-octanol are stronger. The figures show that the higher the vanadium content of the VAPO, the more vanadium is lost during operation. Thus VAPO-5s with a high vanadium content are less stable than samples with a low vanadium content. Also the maximum vanadium concentration in solution is built up rapidly. After a reaction time of 30 min most of the vanadium is extracted, which justifies the interpretation of the filtration experiments described earlier. The almost 15 times higher vanadium concentration observed in case of S-P8 shows that the solution in case of S-P0 is not saturated. Thus, the leaching process stops due to another process, probably pore blocking by strongly sorbed molecules. In case of S-P3(1) the vanadium loss observed is higher than that found by AAS analysis of the catalyst. The loss of 9% vanadium in case of S-P8 is in agreement with the AAS results. In all experiments the concentration of aluminium in solution never exceeded 2 mg/l, which corresponds with an aluminium loss of less than 0.2%. Therefore, VAPO-5 particles are not present in the reaction mixtures analyzed for vanadium. Earlier experiments with relatively large amounts of bis(2,4-pentandionato)-oxo-vanadium(IV) VO(acac)2 ([V] =290 mg/1) showed a high activity [9] . Several experiments were conducted to determine the activity of small amounts of dissolved vanadium under more realistic conditions ([V] =0-60 mg/l). The activity found for VAPO (expressed as were only the dissolved vanadium active) is directly compared with the activity of a similar amount of VO(acac)2 being present in solution (Fig. 6a and 6b) . For a fair comparison the reference point (3-phenyl-2-propen-l-ol: 30 minutes; 3-octanol: 100 min) needs to be at low conversion of the substrate to ensure that the reaction rate is not too much influenced by the reaction products or deactivation of the catalyst. The amount of vanadium present in solution is equal to the mean concentration of vanadium measured during the period. This comparison is only valid when the vanadium in solution has similar reactivity, regardless the vanadium species originate from VO(acac)2 or VAPO-5. Mechanistic investigations show that vanadium complexes are immediately converted to a vanadium peroxo complexes while in contact with the solution, resulting in comparable activities [13] . For example, the difference in reaction rate in the oxidation of cyclohexene with TBHP between the least active catalyst, VO(acac)2 and the most active catalyst (nBuO)3VO is only 3.7 [14] . It is likely that the vanadium ions leached from the VAPO-5 are present in solution as a peroxo complex because of the excess peroxide in the reaction mixture. It appears that the conversions obtained with VAPO are equal to or lower than equal amounts of VO(acac)2 in case of 3-phenyl-2-propen-l-ol. The measured conversion is almost solely described to the activity of vanadium present in solution. Extrapolation to a [V]so~ution =0 (a true heterogeneous catalyst) predicts that no reaction takes place at all. Thus in agreement with all earlier arguments given, VAPO-5 is not active as heterogeneous catalyst in this reaction. In case of 3-octanol the situation seems to be different. The activity of VO(acac)2 is lower in all cases. When the amount of dissolved vanadium is extrapolated to zero, the conversion obtained with VAPO is certainly not zero, indicating a heterogeneous contribution to the catalytic oxidation of 3-octanol. Absolutely 11% of the 3-octanol is converted in 100 min. A heterogeneously catalysed reaction is responsible for about 7% conversion in case of S-P0. To convert this amount of substrate 0.12 mmol of heterogenised vanadium is necessary, while the other 4% of the substrate is converted by only 2.1-10 -3 mmol vanadium in solution, indicating a low activity or diminished accessibility of the vanadium present in the VAPO.
An attempt was made to remove the loosely bound vanadium before reaction by Soxhlet extraction. Several solvents were tested: water, glacial acetic acid and acetonitrile. Water appeared to be the best extraction agent. Glacial acetic acid removes almost all vanadium, but destroys the pore structure, while acetonitrile does not extract any vanadium. Only minor damage of the VAPO-5 structure is observed after 7 days of extraction with water and additional calcination. Relatively more vanadium is extracted from VAPO-5s with a higher vanadium content, again an indication that these VAPO-5s are less stable. For example S-P0(Sox): PV =0.080ml/g (-11%); V-content =0.303 wt% (-12%); R-P10 (Sox): PV =0.087ml/g (-13%); V-content =1.17 wt% (-19%), S-P4(Sox): PV =0.080ml/g (-18%); V-content= 1.24 wt% (-16%) and S-P8(Sox): PV =0.071 ml/g (-12%); V-content= 1.41 wt% (-33%). DRUVVIS showed, except for intensity changes, no difference before and after extraction, indicating that not a specific vanadium site is extracted. Some of these treated VAPO-5s were used as catalyst for the oxidation of 3-octanol. The results are included in Table 2 . It is clear the activity of these extracted VAPO-5s is much lower than the freshly prepared VAPO-5s. In fact the VAPO lost almost all activity. However, still TBHP is decomposed although these results are not very accurate due to low conversion levels. The reaction catalysed by S-P0(Sox) was studied in more detail. Surprisingly, still vanadium ions can be detected in solution (Fig. 5b) , although the amount detected is lower. Because almost no substrate is converted it is clear that most of the vanadium (88%) present in the fresh S-P0 is not active as catalyst and the activity of a fresh S-P0 is caused by 12% of vanadium ions removed. The above described observations can be rationalised by a combination of intrinsic instability and the occurrence of a protective mechanism. A fresh VAPO is intrinsically not stable and vanadium is extracted during the reaction. The amount of vanadium that is lost depends on the vanadium content and the reaction conditions. A VAPO containing a high amount of vanadium is less stable, but even a VAPO with a vanadium content as low as 0.35 wt% looses vanadium. More vanadium can be extracted at higher temperature and/or using a higher [TBHP], which should be expected as the main extraction agent. Regeneration shows that the extraction is an ongoing process: every cycle a small amount of vanadium is lost and no minimum level is reached. This suggest that much of the vanadium can be extracted. There are no indications that eventually a stable system is obtained, contrary to results obtained by others [15] . Although variation of the calcination temperature did not reveal a change of activity, generation of some loosely bound vanadium by calcination at high temperature can not be totally excluded. Nevertheless, the extraction during the reaction is not an effective process. While only 1 wt% of vanadium is extracted during the oxidation of 3-phenyl-2-propen-l-ol, much more vanadium (16 wt%) is removed by Soxhlet extraction with water. This means that at least 16 wt% loosely bound vanadium is present in a fresh VAPO but not extracted during reaction. Nevertheless, these numbers shows that VAPO is a rather stable material, compared with vanadium silicalite [15] . The reason for the relatively high stability of VAPO should be protection against leaching by strong sorption of the substrate and product. It was found that during the reaction the pores become fully occupied. Note that initially some transport of molecules in the pores should be possible, because 12% of the vanadium can be extracted from S-P8 during the oxidation of 3-octanol. It is not likely that all vanadium is present on the outer surface. The fact that it is not possible to open the pores by extraction points to severe transport limitations of molecules in the micropores. The strong absorption is due to the polar lattice, while also the uni-dimensional pore system disfavors transport. It can be expected that the strong sorption of reactants and products does also occur with other MeAPOs (like CrAPO and CoAPO). This make them unsuitable as catalyst for liquid phase oxidation reactions, at least when one would improve selectivity of a reaction by means of shape selectivity. Nevertheless, MeAPOs are still interesting catalysts for gas phase reactions at elevated temperatures, where leaching and transport limitations play a less important role. An example is the application of MeAPO-11 (Me = Mn, Co, Mg) as catalyst for the selective isomerisation of n-butene towards iso-butene [ 16] .
Conclusions
VAPO is not a suitable catalyst for oxidation reactions in the liquid phase where it is desired to improve selectivity of a reaction by means of the pore structure. In an early stage of the reaction small amounts of vanadium are extracted from the framework, the amount depending on the substrate and reaction conditions. These vanadium ions in solution contribute largely to the observed activity. The leaching of vanadium stops due to strong sorption of molecules into the micropores of VAPO, which makes most vanadium sites inaccessible for reaction and leaching.
